In an attempt to elucidate the regulatory mechanism of vessel lignification, we isolated ZPO-C, a novel peroxidase gene of Zinnia elegans that is expressed specifically in differentiating tracheary elements (TEs). The ZPO-C transcript was shown to accumulate transiently at the time of secondary wall thickening of TEs in xylogenic culture of Zinnia cells. In situ hybridization indicated specific accumulation of the ZPO-C transcript in immature vessels in Zinnia seedlings. Immunohistochemical analysis using anti-ZPO-C antibody showed that the ZPO-C protein is abundant in TEs, especially at their secondary walls. For enzymatic characterization of ZPO-C, 6×His-tagged ZPO-C was produced in tobacco cultured cells and purified. The ZPO-C:6×His protein had a peroxidase activity preferring sinapyl alcohol as well as coniferyl alcohol as a substrate, with a narrow pH optimum around 5.25. The peroxidase activity required calcium ion and was elevated by increasing Ca 2+ concentration in the range of 0-10 mM. An Arabidopsis homolog of ZPO-C, At5g51890, was examined for expression patterns with transgenic plants carrying a yellow fluorescent protein (YFP) gene under the control of the At5g51890 promoter. The YFP fluorescence localization demonstrated vessel-specific expression of At5g51890 in the Arabidopsis roots. Taken collectively, our results strongly suggest that ZPO-C and its homologs play an important role in lignification of secondary cell walls in differentiating TEs.
Introduction
Lignin, a macromolecular constituent of plant cell walls, is synthesized and accumulated in vascular tissues such as vessels and tracheids, engaging in the conductance of water and the mechanical support of a plant body. Lignification of cell walls also takes place in response to wounding and pathogen attack for biogenic defense (Lewis and Yamamoto 1990, Boerjan et al. 2003) . The initial step of lignification is synthesis of monolignols through the phenylpropanoid pathway. Monolignols are transported to cell walls, and polymerized to form lignin on site. Of these three steps, the final reaction of monolignol polymerization is most critical for temporal and spatial controls of lignification. The polymerization of monolignols is thought to be executed principally by peroxidases (Boerjan et al. 2003) . Thus, analysis of the lignifying peroxidases would provide a key for understanding regulatory mechanisms of lignification.
Plant peroxidase is one of superfamilies of heme-containing enzymes that catalyze oxidoreduction between hydrogen peroxide and reductants, and is categorized into three classes (Hiraga et al. 2001) . Higher plants possess a class I enzyme, ascorbate peroxidase (EC 1.11.1.11), and a number of isoenzymes of class III peroxidase (EC 1.11.1.7). In contrast to stringent substrate specificities of ascorbate peroxidase, class III peroxidases oxidize various substances including monolignols. Several genes encoding peroxidase isoenzymes of class III were reported to be expressed preferentially in vascular tissues and implicated in lignin biosynthesis (Klotz et al. 1998 , Østergaard et al. 2000 , Quiroga et al. 2000 . However, none of these peroxidase genes have been conclusively demonstrated to have a role in lignification.
For investigation of lignification-related enzymes and genes, in vitro culture of isolated mesophyll cells of Zinnia elegans provides a useful experimental system, in which >30% of mesophyll cells differentiate synchronously into tracheary elements (TEs), cells of vessels and tracheids, and undergo lignification of secondary walls (Fukuda and Komamine 1980) . Using this system, changes in mRNA levels and/or activities ZPO-C, a peroxidase specific for TE lignification 494 have been examined for various enzymes involved in lignification: phenylalanine ammonia-lyase Komamine 1982, Lin and Northcote 1990) , caffeic acid 3-O-methyltransferase Komamine 1982, Ye and Varner 1995) , caffeoyl-CoA 3-O-methyltransferase (Ye et al. 1994, Ye and Varner 1995) , 4-coumarate:CoA ligase (Church and Galston 1988) , cinnamyl alcohol dehydrogenase (Sato et al. 1997) and peroxidases (Fukuda and Komamine 1982 , Masuda et al. 1983 , Church and Galston 1988 . Characterization of peroxidase isoenzymes in relation to TE lignification led to the identification of P5, a TE-specific isoenzyme of Zinnia presumably involved in lignification (Sato et al. 1993 , Sato et al. 1995a .
In the present study, using the Zinnia experimental system, we isolated a cDNA clone for a novel peroxidase gene ZPO-C, which was expressed specifically in differentiating TEs. We performed comprehensive research on the ZPO-C gene and its product, including expression analysis, subcellular localization analysis and enzymatic characterization. We report here the results of these analyses and demonstrate the involvement of ZPO-C in vessel lignification.
Results
Isolation of a cDNA clone for a novel peroxidase gene of Zinnia elegans, ZPO-C To obtain cDNA fragments for peroxidases expressed during TE differentiation, we carried out reverse transcriptase-
PCR (RT-PCR) with poly(A)
+ RNA prepared from Zinnia mesophyll cells that had been cultured for 48 h in D medium and underwent TE differentiation. Degenerate oligonucleotide primers P1 and P2 used for the RT-PCR experiment were designed on the basis of the consensus sequence of plant class III peroxidases (Lagrimini et al. 1987 ) and on the basis of the partial amino acid sequence of RP5A of Zinnia (Sato et al. 1995b) , respectively. As a result, we obtained three cDNA fragments for putative peroxidase genes, ZPO-A, ZPO-B and ZPO-C, but no cDNA fragments corresponding to the partial amino acid sequence of RP5A. There are some possible reasons why we could not isolate the RP5A cDNA: the P1 primer might not match the cDNA sequence of RP5A, or the expression level of RP5A might be very low in xylogenic cell culture. To examine preliminarily the relationships between expression levels of ZPO-A, ZPO-B and ZPO-C and TE differentiation, RNA gel blot analysis was performed using total RNA prepared from cells that had been cultured for 48 h in D medium and various control media where TE differentiation did not take place. The result showed that only ZPO-C expression was specific to the D culture (data not shown), and thus we continued analysis on ZPO-C. We screened a Zinnia cDNA library with a cDNA fragment of ZPO-C as a probe, and isolated a cDNA clone of 1,054 bp in length. As this clone appeared to be truncated at the 5′ end, 5′RACE (5′ rapid amplification of cDNA ends) was applied to determine the 5′ part of the ZPO-C cDNA sequence. Based on the sequences of the 5′ Fig. 1 Amino acid sequence alignment of ZPO-C and other peroxidases. The deduced amino acid sequence of Zinnia ZPO-C was compared with those of several peroxidases implicated in lignification, tomato TPX1 (L13654), tobacco lignin-forming peroxidase (TLP; J02979), Arabidopsis ATP-A2 (X99952) and poplar PXP 3-4 (X97350), and a putative peroxidase isoenzyme of Arabidopsis encoded by At5g51890. Amino acid residues identical and similar to those of ZPO-C are indicated by black and gray shading, respectively. Alignment illustration was performed with the BOXSHADE program (http://www.ch.embnet.org/software/ BOX_form.html). Dashes are gaps introduced to produce the best match. Active site residues are indicated with asterisks (Welinder et al. 2002) . Signal sequences predicted at the N-termini are underlined.
and 3′ ends of the ZPO-C cDNA, a full-length ZPO-C cDNA was amplified, subcloned and re-sequenced.
The ZPO-C cDNA (DDBJ accession number AB023959) was 1,116 bp long and contained a 41 bp 5′-untranslated region (UTR), a 948 bp open reading frame and a 127 bp 3′-UTR. The putative polyadenylation sequence 'AATAAA' was found 17 nucleotides upstream of the poly(A) tail. The deduced polypeptide product of the ZPO-C gene consists of 317 amino acid residues, and has an estimated molecular mass of 34.9 kDa and an isoelectric point (pI) of 8.59. Analysis of the predicted amino acid sequence of the ZPO-C protein revealed an Nterminal region with characteristics of a signal peptide (von Heijne 1986) and a predicted cleavage site at positions between 24 and 25. The absence of an endoplasmic reticulum retention signal (KDEL or HDEL) (Deneck et al. 1992) suggests that the processed protein is exported from the endoplasmic reticulum. The mature ZPO-C protein is assumed to have 293 amino acid residues with a calculated molecular mass of 32.3 kDa and a pI of 8.80. Fig. 1 shows the alignment of amino acid sequences of ZPO-C and peroxidases that were reported to be possibly involved in lignification. ZPO-C has relatively low similarity to these peroxidases: 42.0% to tomato TPX1 (Botella et al. 1993) , 37.4% to tobacco TLP (Lagrimini et al. 1987) , 37.8% to Arabidopsis ATP-A2 (Østergaard et al. 2000) and 36.7% to poplar PXP3-4 (Christensen et al. 2001) . A homology search of the GenBank database indicated that ZPO-C has the highest similarity of 68.6% to the amino acid sequence encoded by a putative peroxidase gene of Arabidopsis thaliana, At5g51890.
Expression patterns of the ZPO-C mRNA and the ZPO-C protein during TE differentiation in vitro To examine changes in the level of the ZPO-C mRNA during TE differentiation, total RNA was isolated from Zinnia mesophyll cells cultured for various times in D and C N media, and the RNA was analyzed by RNA gel blot hybridization ( Fig. 2A) . In the D culture, transient accumulation of the ZPO- C mRNA was observed at 48-60 h, when TEs were rapidly increasing and secondary cell wall thickening progressed in differentiating TEs (Fig. 2B) . However, no such accumulation of the ZPO-C mRNA was found in the C N culture, in which cells were not induced to differentiate into TEs due to the absence of exogenously supplied cytokinin. Hormonal effects on the level of the ZPO-C mRNA were tested further with cells cultured for 48 h in C O , C B , C N , C p and D media that differed in auxin/cytokinin composition (Fig. 2C) . Only in cells cultured in D medium of these cell samples was the ZPO-C mRNA present at a high level. In the other media, where no or few cells differentiated into TEs, cellular accumulation of the ZPO-C mRNA was undetectable. These results suggest that the expression of the ZPO-C mRNA is not induced simply by auxin or cytokinin, but is linked to TE differentiation requiring both auxin and cytokinin.
For a probe to analyze accumulation of the ZPO-C protein, an antibody was raised against recombinant ZPO-C produced in Escherichia coli. Immunoblot analysis using the anti-ZPO-C antibody detected a 37 kDa band of ZPO-C in the ioni- cally bound fraction (cell wall extract), but not in the soluble fraction (cytosol), prepared from cells that had been cultured for 53 h in D medium (Fig. 2D ). The ZPO-C band was undetectable in the protein samples of C N culture. Thus ZPO-C was shown to be a TE differentiation-associated cell wall protein in cultured Zinnia cells.
Localization of the ZPO-C mRNA and the ZPO-C protein
We carried out in situ hybridization analysis to examine spatial patterns of the ZPO-C mRNA expression in planta. Hybridization with antisense RNA of ZPO-C as a probe showed accumulation of the ZPO-C mRNA restricted to the cytoplasm of immature TEs forming vessels in the stem section (Fig. 3A) . Such accumulation of the ZPO-C mRNA was not observed in any other cells including mature vessel TEs and xylem parenchyma cells. In the case of using the sense probe of ZPO-C for a control, no hybridization signal above background was detected in all sections (data not shown).
These results indicated that the ZPO-C mRNA is expressed specifically in differentiating TEs.
The anti-ZPO-C antibody was applied to immunohistochemical analysis on the stem sections of 26-day-old Zinnia plants and on cells cultured for 67 h in D medium. The results showed that the ZPO-C protein was localized in secondary cell walls of TEs in the xylem vessels ( Fig. 3B) , where autofluorescence of lignin was observed under UV light (Fig. 3D ). The ZPO-C protein accumulation was also shown in secondary wall thickenings of TEs differentiated in vitro ( Fig. 3E ) but not in walls of non-TE cells in the same culture (Fig. 3G ). Closer investigation of the subcellular localization of the ZPO-C protein was carried out by immunoelectron microscopy, which revealed that the ZPO-C protein accumulated in secondary walls of immature TEs still containing cytoplasm as well as in secondary walls of mature TEs without cytoplasm (Fig. 4A, C) . Negative controls, in which standard rabbit IgG was used instead of anti-ZPO-C antibody, produced no signal above background in the immunohistochemical and immunoelectron microscopic analyses (Fig. 3C, F , and 4B).
Enzymatic characterization of the ZPO-C protein expressed in cultured tobacco cells ZPO-C is likely to be a secretory glycoprotein, taking into consideration its sequence and the known nature of plant class III peroxidases. Since it is often difficult to obtain such proteins as their native and active forms from a bacterial or yeast expression system, we produced the recombinant ZPO-C protein in the tobacco BY-2 culture for enzymatic characterization. A chimeric gene consisting of the cauliflower mosaic virus (CaMV) 35S promoter and the translated region of ZPO-C with a 6×His tag sequence at its 3′ end was constructed and introduced into BY-2 cells. The recombinant ZPO-C:6×His protein was extracted from the cell walls of the transformed BY-2 cells and purified with a metal column. The purified ZPO-C:6×His showed significant activities oxidizing coniferyl alcohol (CA) and sinapyl alcohol (SA) in addition to the high activity oxidizing o-dianisidine (Table 1 ). The peroxidase activity of ZPO-C:6×His was considerably sensitive to the pH of the reaction buffer, and the maximum activity was obtained at pH 5.25 toward CA (Fig. 5A) . The activity of ZPO-C:6×His required the presence of calcium ion in the reaction buffer, which could not be substituted by addition of other divalent , Cu 2+ and Zn 2+ (data not shown). The ZPO-C activity was elevated by increasing Ca 2+ concentration in the broad range from <0.1 mM to >10 mM (Fig. 5B) .
Cell wall proteins and the purified ZPO-C:6×His protein were subjected to cathodic native PAGE followed by peroxidase activity staining (Fig. 6) . Activity staining was performed by the conventional method (Fig. 6A) or after heminglutathione treatment (Fig. 6B) , which had been used for the refolding of horseradish peroxidase polypeptide (Egorov et al. 1991) . The presence of the ZPO-C protein was checked by immunoblot analysis using the anti-ZPO-C antibody (Fig. 6C) . On the electrophoresis gel, cell wall protein samples from both transformed and non-transformed BY-2 cells had peroxidase activities oxidizing o-dianisidine in the presence of H 2 O 2 (Fig.  6A, lanes 1 and 2) . However, the purified ZPO-C:6×His did not show such activity under the same conditions (Fig. 6A, lane 4) . The o-dianisidine-oxidizing activity of ZPO-C:6×His appeared only by incubation of the gels in a buffer containing hemin, glutathione and CaCl 2 (Fig. 6B, lane 4) .
Expression analysis of the Arabidopsis homolog of ZPO-C, At5g51890 Fig. 7 indicates a phylogenetic tree of amino acid sequences of ZPO-C, Arabidopsis peroxidases with high sequence similarity to ZPO-C and class III peroxidases that have been reported to be involved in lignification. ZPO-C and several basic peroxidases formed a clade and, of these, At5g51890 was most closely related to ZPO-C (Fig. 7) . To investigate expression patterns of the At5g51890 gene, yellow fluorescent protein (YFP) with a nuclear localization signal (NLS) was expressed in Arabidopsis plants under the control of the At5g51890 upstream region of approximately 2 kb in length. In roots of the transgenic seedlings, YFP fluorescence was detected only in nuclei of immature vessel TEs (Fig. 8) , and was absent in mature vessel TEs, which had lost cytoplasm (data not shown). From this result, like ZPO-C, At5g51890 was inferred to participate in lignification during TE differentiation. 
Discussion
Xylogenic culture of Zinnia mesophyll cells has been successfully applied to isolation and characterization of genes that are expressed in association with TE differentiation (e.g. Demura and Fukuda 1993 , Ye et al. 1994 , Sato et al. 1997 , Demura et al. 2002 , Ohashi-Ito and Fukuda 2003 . In the present study, we identified with this culture system a novel TE-specific gene ZPO-C, which encodes a class III peroxidase.
In situ hybridization analysis indicated that the ZPO-C mRNA expression is strictly limited to differentiating vessel TEs in Zinnia seedlings (Fig. 3A) . Immunohistochemical observations using cultured cells and stem sections of Zinnia showed that the ZPO-C protein accumulates specifically in the secondary cell walls of TEs (Fig. 3B-G, 4) . It can be inferred reasonably from these results that ZPO-C plays an important role in secondary wall modification of TEs, i.e. lignification. The ZPO-C accumulation in the secondary walls started in immature TEs (Fig. 4) and appeared to precede the programmed cell death (PCD) process involving the loss of plasmalemma integrity. These results suggest that ZPO-C is secreted across the intact plasmalemma and integrated into developing secondary walls during the pre-PCD stage of TE differentiation, which is consistent with the presence of a putative signal peptide in the ZPO-C sequence (Fig. 1) . During TE differentiation of Zinnia cells in culture, lignin precursors are supplied to TEs from the surrounding non-TE cells through the culture medium (Hosokawa et al. 2001 , Tokunaga et al. 2005 . Hence ZPO-C integrated into the secondary walls of TEs would allow the TEs to continue lignification even after their PCD.
Previously we analyzed peroxidase isoenzyme patterns with the Zinnia xylogenic culture, and demonstrated a tight relationship between a basic peroxidase isoenzyme P5 and cell wall lignification during TE differentiation (Sato et al. 1993 , Sato et al. 1995a ). Later we purified a 35 kDa peroxidase isoenzyme RP5, which was identical in various characteristics to P5, from cell walls of Zinnia roots (Sato et al. 1995b ). López-Serrano et al. (2004) also investigated basic peroxidase isoenzymes in the Zinnia culture and seedlings, and purified a 43 kDa isoenzyme as a candidate for the peroxidase complement responsible for TE lignification. All these studies employed a conventional method of activity gel staining following PAGE for the detection of peroxidase isoenzymes. In the case of ZPO-C, however, we could not detect peroxidase activity by the conventional gel staining method because ZPO-C lost its entire activity after PAGE (Fig. 6) . Moreover, partial amino acid sequences determined for RP5 (Sato et al. 1995b ) and the 43 kDa isoenzyme (López-Serrano et al. 2004 ) are inconsistent with the ZPO-C sequence (Fig. 1) . Therefore, ZPO-C is evidently a novel peroxidase isoenzyme that had not been identified in Zinnia.
Until now, several genes of class III peroxidases have been characterized and implicated in lignin synthesis: the 'lignin-forming peroxidase' gene of tobacco (Lagrimini et al. 1987 , Klotz et al. 1998 , referred to as TLP herein), ATP-A2 of Arabidopsis thaliana (Østergaard et al. 2000) , TPX1 of tomato (Quiroga et al. 2000) and PXP 3-4 of poplar (Christensen et al. 2001) . Possible involvement of these peroxidase genes in lignification was suggested by their preferential expression in xylem. Unlike ZPO-C expression, however, expression of these genes is not strictly confined to differentiating TEs. The TLP and ATP-A2 genes were shown to be expressed in all xylem tissues including xylem parenchyma (Klotz et al. 1998 (Klotz et al. , Østergaard et al. 2000 . The TPX1 transcript accumulation was observed not only in xylem cells but also in endodermis and exodermis cells (Quiroga et al. 2000) . The PXP 3-4 transcript accumulated in the stem bark as well as the xylem (Christensen et al. 2001) . Additionally, stress-inducible expression was demonstrated for TLP and TPX1 (Klotz et al. 1998 , Quiroga et al. 2000 . Thus we can speculate from the expression patterns that ZPO-C has the most specialized function in TE lignification among the lignification-related peroxidase genes reported so far.
Enzymologically, ZPO-C is distinguished from the previously investigated class III peroxidases by the following features. First, ZPO-C is too labile to maintain its enzymatic activity through PAGE, and requires incubation with hemin, glutathione and calcium ions for the reacquisition of the activity (Fig. 6) . Secondly, ZPO-C has the ability to catalyze SA oxidation as well as CA oxidation (Table 1) , which might be suitable for the synthesis of guaiacyl-syringyl lignin of dicotyledons. Thirdly, the activity of ZPO-C is very sensitive to pH, and its pH optimum lies within a narrow range of 5-5.5 (Fig.  5A) , which is a typical apoplastic pH. Fourthly, ZPO-C is activated by calcium ions in a concentration-dependent manner in the broad range of 0-10 mM (Fig. 5B) . These enzymatic natures of ZPO-C are in good agreement with its hypothesized function in TE lignification. The last two features are of particular interest from the viewpoint of environmental regulation of lignin polymerization, because of fairly large changes in the apoplastic pH and calcium ion concentration under various environmental conditions (e.g. Fromard et al. 1995, White and Broadley 2003) .
Phylogenetic analysis indicated that ZPO-C is distant from the other lignification-related peroxidases and forms a cluster with several uncharacterized peroxidases of various plant origins (Fig. 7) . Among them, a basic peroxidase isoenzyme of Arabidopsis encoded by At5g51890 shows the highest sequence similarity to ZPO-C (Fig. 1, 7) . Reporter gene expression under the control of the At5g51890 promoter demonstrated that this gene is expressed specifically and transiently in differentiating TEs such as ZPO-C (Fig. 8) . This result implies that At5g51890 is the counterpart of ZPO-C, which may function in TE lignification in Arabidopsis. This discussion might be extended to hypothesize that basic peroxidase isoenzymes similar in sequence to ZPO-C are generally involved in TE lignification. Further analysis of the ZPO-C-type peroxidases would contribute to an understanding of the regulatory mechanism of lignification in vessels.
Materials and Methods

Plant material and culture of cells
Mesophyll cells were isolated from the first true leaves of 14-day-old seedlings of Zinnia elegans L. cv. Canary Bird (Takii Shubyo Co., Kyoto, Japan) as described previously (Fukuda and Komamine 1980) . Isolated cells were cultured in the following media; D medium, which contained 0.1 mg liter -1 1-naphthalenacetic acid (NAA) and 0.2 mg liter -1 6-benzyladenine (BA); C O medium, which was hormone-free; C N medium, which contained 0.1 mg liter -1 NAA; C B medium, which contained 0.2 mg liter -1 BA; and C P medium, which contained 0.1 mg liter -1 NAA and 0.001 mg liter -1 BA. Mesophyll cells were induced to differentiate into TEs in D medium, whereas TE differentiation did not occur in C O , C N , C B and C P media (Sugiyama et al. 1990 ).
Molecular cloning of cDNA fragments of ZPO-C
Total RNA was extracted from Zinnia mesophyll cells that had been cultured for 48 h in D medium according to Ozeki et al. (1990) . Poly(A) + RNA was purified from total RNA using Oligotex-dT30 Super (TAKARA BIO INC., Otsu, Japan). The first-strand cDNA was synthesized by reverse transcription of poly(A) + RNA using NotI primer-adaptor (5′-GAATTCGCGGCCGC(T)15-3′) (Stratagene, La Jolla, CA, USA). Putative cDNA fragments for peroxidase genes were amplified from the first-strand cDNA by PCR with P1 primer (5′-GAGAATTCAYTTYCAYGAYTGYTTYGT-3′) and P2 primer (5′-CTAAGCTTCCDGANARNGCNACCAT-3′) (N = A, C, G, T; D = A, G, T; R = A, G; and Y = C, T) which was designed for the conservative amino acid sequence of plant class III peroxidases (HFHDCFV) (Lagrimini et al. 1987 ) and for the partial amino acid sequence of RP5A (MVALSG) (Sato et al. 1995b ), respectively. Electrophoretically purified PCR products were cloned into pBluescript KS(+) (Stratagene) and sequenced. Three cDNA fragments for putative peroxidase genes were obtained and designated ZPO-A, ZPO-B and ZPO-C. The ZPO-C cDNA was used for further analysis because of its expression specific to the D culture. By screening with 32 P-labeled cDNA fragments for ZPO-C as a probe, three clones were isolated from approximately 25,000 recombinant phages of the λZAP II cDNA library (Sato et al. 1997 ). The longest cDNA clone was sequenced and the obtained sequence information was used for designing RACE primers. Amplification of the 5′ region of ZPO-C was performed with P3 primer (5′-CCTTCCTTTAAGTACAGGCC-3′) and nested P4 primer (5′-CTAAGCTTACAGGCCACCATGGACC-3′) using 5′ RACE System Version 2.0 (Gibco BRL, Rockville, MD, USA). Amplified DNA fragments were cloned into pBluescript SK(-) and sequenced. Finally, a full-length cDNA of ZPO-C was amplified with P5 primer (5′-ACTTCTAGATCAACATCTTCACTTAAAAA-3′) and P6 primer (5′-TCAAGCTTCAATTCACGACGTTACACT-3′), and subcloned into pBluescript SK(-).
Sequence analysis and construction of phylogenetic tree
Nucleotide sequences of cDNA fragments were determined using an ABI 373A DNA Sequencer or ABI PRISM 310 DNA Sequencer (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocols. A phylogenetic tree was constructed by the Clustal W program at http://www.ddbj.nig.ac.jp/ supporting neighborjoining method with 1,000 replicates of bootstrap. The unrooted phylogenetic tree was displayed by the TreeView program (Page 1996) . Relatively conserved regions of approximately 180 amino acids corresponding to position 47-218 of ATP-A2 were used to create alignments.
RNA gel-blot analysis
Total RNA was isolated from cultured Zinnia cells by the method of Ozeki et al. (1990) , and subjected to RNA gel blot analysis, which was performed as described previously (Sato et al. 1997) with 32 Plabeled cDNA fragments for ZPO-C as a probe.
In situ hybridization
In situ hybridization was carried out using stem sections of Zinnia seedlings with digoxigenin-labeled antisense RNA of ZPO-C as a probe according to Nishitani et al. (2001) .
Production and purification of anti-ZPO-C antibody
The ZPO-C cDNA fragment was cloned into QIAexpress pQE31 vector (QIAGEN, Valencia, CA, USA) to produce the 49-317 amino acid residue region of the ZPO-C protein tagged with 6×His at the Nterminus. The tagged ZPO-C polypeptide was expressed in E. coli XL1-blue, and purified by Ni-NTA resin (QIAGEN) followed by SDS-PAGE. Polyacrylamide gel slices containing approximately 1 mg of the purified ZPO-C polypeptides were ground and injected into a rabbit three times to raise antibody against ZPO-C. Anti-ZPO-C IgG was purified from the antiserum by affinity column chromatography with ZPO-C polypeptide-conjugated CNBr-activated Sepharose 4B resin (Amersham, Piscataway, NJ, USA) according to the manufacturer's instructions.
Immunoblot analysis of the protein extracted from cultured Zinnia cells
Soluble and ionically bound proteins were extracted from cultured Zinnia cells according to Sato et al. (1993) except that 50 mM Tris-HCl buffer (pH 7.0) containing 1 M NaCl was used for extraction of ionically bound proteins. Extracted proteins were concentrated and desalted using the Molcut filtration method (Millipore, Bedford, MA, USA), and then separated on a 12% acrylamide gel by SDS-PAGE according to Laemmli (1970) . Coomassie brilliant blue staining and electrotransfer of the proteins separated by SDS-PAGE were performed as described previously (Sato et al. 1995b ). The ZPO-C protein on the membrane was detected using enhanced chemiluminescence (ECL; Amersham) after incubation with anti-ZPO-C protein antibody.
Immunohistochemistry
The second internodes excised from 26-day-old Zinnia plants were fixed in 33 mM sodium phosphate buffer (pH 7.4) containing 4% (w/v) paraformaldehyde and 0.1% (v/v) glutaraldehyde at 4°C overnight. The samples were dehydrated with graded series of ethanol, replaced successively by tert-butyl alcohol and liquid paraffin, and embedded in paraffin. Paraffin blocks were cut into 10 µm sections. The sections mounted on slides were dewaxed with xylene, and rehydrated through graded ethanol series. After blocking with 1% skim milk in PBS-T (phosphate-buffered saline-Tween-20; 0.05% Tween-20, 150 mM NaCl, 10 mM sodium phosphate buffer, pH 7.4) for 1 h at room temperature, the specimens were incubated for 14 h at room temperature in PBS-T containing 1% skim milk and 20 µg ml -1 purified anti-ZPO-C IgG or 60 µg ml -1 rabbit IgG whole molecule (Jackson ImmnoResearch, West Grove, PA, USA). The specimens were washed repeatedly in PBS-T, and incubated with alkaline phosphatase (AP)-conjugated mouse monoclonal anti-rabbit IgG (Sigma, St Louis, MO, USA) (1 : 40 dilution in PBS-T) for 1 h. The specimens were then washed thoroughly with PBS-T followed by distilled water, and subjected to AP reaction using NBT/BCIP (Roche, Basel, Switzerland) according to the manufacturer's instructions.
Localization of the ZPO-C protein in cultured Zinnia cells was also examined by a similar procedure. In this case, however, fixed and dehydrated samples were subjected to immunohistochemical detection without paraffin embedding and sectioning.
Immunoelectron microscopy
Cultured Zinnia cells were fixed in 30 mM sodium phosphate buffer (pH 7.2) containing 4% (w/v) paraformaldehyde and 0.1% (v/v) glutaraldehyde at 4°C for 2 h. The fixed cells were dehydrated through graded alcohol series, embedded in LR White (London Resin Co., Woking, Surrey, UK) and cut into ultrathin sections. The sections were first immersed in 1% bovine serum albumin (BSA) dissolved in PBS-T for 1 h at room temperature, and then incubated in PBS-T that contained 1% BSA and 20 µg ml -1 purified anti-ZPO-C IgG or 20 µg ml
rabbit IgG whole molecule (Jackson ImmnoResearch) for 14 h at room temperature. After washing with PBS-T, the specimens were incubated with gold (10 nm)-conjugated goat anti-rabbit IgG (Sigma; 1 : 40 dilution of working solution in PBS-T containing 1% BSA) for 1 h. They were then washed thoroughly with PBS-T and distilled water, and dried. The specimens were stained with saturated uranyl acetate in 20% butyl alcohol for 50 min in darkness, washed with distilled water, and examined under an electron microscope (JEM-2000, JEOL Ltd, Tokyo, Japan) at 80 kV.
Production of ZPO-C:6×His protein For expression of ZPO-C tagged with 6×His at the C-terminus, a chimeric gene of ZPO-C:6×His tag cDNA was constructed on a binary vector, pHM-4 (M. Higuchi and T. Kakimoto, unpublished), which was modified from pGPTV-KAN (Becker et al. 1992) to replace the region of the uidA gene and nos terminator by a sequence consisting of the CaMV 35S promoter, a synthesized multicloning site (XhoI, AscI, SmaI, PacI, SpeI, KpnI and SalI) and the CaMV 35S terminator. Fulllength cDNA of ZPO-C was amplified using P5 and P7 (5′-GGGG-TACCATTCACGAGTTACACTTCAC-3′) primers, and digested by XbaI and KpnI. The 6×His tag linker was prepared by annealing 5′-CCATCACCATCACCATCACTAG-3′ and 5′-TCGCTAGTGATGG-TGATGGTGATGGGTAC-3′. The digested ZPO-C cDNA and the 6×His tag linker were ligated into pHM-4 digested with SpeI and SalI. The resultant plasmid was electroporated into Agrobacterium tumefaciens GV3101:pMP90, which was used to transform tobacco cells (BY-2). Transgenic lines were obtained by selection with 200 µg ml -1 kanamycin. The transformed BY-2 cells were maintained in liquid medium by subculturing every week according to the standard BY-2 culture protocol (Nagata et al. 1992) . The transformed cells were harvested after 1 week in culture and disrupted by sonication in 50 mM Tris-HCl (pH 7.2) on ice. Cell walls were isolated by centrifugation of the cell homogenate at 1,000×g, and washed three times with 50 mM Tris-HCl (pH 7.2) containing 1% Triton X-100 and three times with 50 mM sodium phosphate buffer (pH 7.0). Cell wall proteins were extracted from the cell walls with 1 M NaCl in 50 mM sodium phosphate buffer (pH 7.0) for 1 h at 4°C. ZPO-C:6×His was purified from the cell wall proteins by affinity chromatography on BD TALON Metal Affinity Resin (BD Biosciences Clontech, Mountain View, CA, USA) according to the manufacturer's instructions, concentrated using Vivaspin (Vivascience AG, Hannover, Germany), and stored in 50% glycerol, 75 mM NaCl, 5 mM sodium phosphate buffer (pH 7.4) at -20°C.
Enzymatic characterization of ZPO-C:6×His
The standard reaction mixture for the peroxidase assay contained the purified ZPO-C:6×His protein, substrate (0.5 mM o-dianisidine, 5 mM guaiacol, 0.1 mM CA or 0.1 mM SA), 1 mM CaCl 2 , 1 mM H 2 O 2 and 10 mM GTA buffer (pH 5.0) (Sato et al. 1995a) . The peroxidase activity of ZPO-C:6×His was determined by monitoring the change in the absorbance at 260 nm (when using CA as a substrate), 270 nm (SA), 460 nm (o-dianisidine) or 470 nm (guaiacol) at 27°C. Absorbance change coefficients for the oxidative reactions (ε, mM -1 cm -1 ) of CA, SA, o-dianisidiene and guaiacol were calculated from the absorbance change caused by full oxidization by horseradish peroxidase to be -8.08, -8.41, +17.47 and +5.31, respectively.
Activity staining and immunoblot analysis of ZPO-C:6×His
The purified ZPO-C:6×His protein was separated by cathodic native PAGE as described previously (Sato et al. 1993) . For hemingluthatione activation, we applied the method for refolding of horseradish peroxidase peptide (Egorov et al. 1991 ) with some modifications. The electrophoresed gel was washed in 50 mM sodium acetate buffer (pH 5.2) for 20 min, incubated in 50 mM sodium acetate buffer (pH 5.2) containing 1 mM CaCl 2 , 5 µM hemin and 1 mM oxidized glutathione for 20 min, and washed twice with 50 mM sodium acetate buffer (pH 5.2) for 10 min. After the gel was pre-incubated in 50 mM sodium acetate buffer (pH 5.2) containing 0.5 mM o-dianisidine and 1 mM CaCl 2 for 20 min, peroxidase activity staining was started by addition of 0.5 mM H 2 O 2 and sustained at 27°C for 30 min. For Western blotting, proteins separated by cathodic native PAGE were electrotransferred to a polyvinylidene difluoride (PVDF) membrane (Fluortarans; Pall Biosupport) in 10 mM sodium acetate buffer (pH 5.0) containing 10% (v/v) methanol at 50 V for 1.5 h. The membrane was blocked for 1 h in 1% skim milk in PBS-T at 37°C, and then incubated for 1 h with anti-ZPO-C protein antibody in blocking solution at 37°C. After washing with PBS-T, the membrane was incubated for 1 h in an AP-conjugated mouse monoclonal anti-rabbit IgG (Sigma) (1 : 5,000 dilution in PBS-T) at 37°C. After washing with PBS-T, AP activity on the membrane was detected by chemiluminescence using CSPD-ready to use (Roch, Basel, Switzerland) according to the manufacturer's instructions.
Promoter analysis of At5g51890
On pSMAB704, the YFP-NLS (Clontech) fragment was ligated with the promoter region of the Arabidopsis ZPO-C homolog, At5g51890, which included a 2.0 kb region upstream of the predicted start codon. The resulting plasmid was electroporated into Agrobacterium tumefaciens GV3101:pMP90, which was used to transform wild-type Arabidopsis (ecotype Col-0) with the floral dip method (Clough and Bent 1998) . Multiple transgenic lines were obtained by selection with 10 µg ml -1 bialaphos.
